Essential oils from oregano (Origanum vulgare L.), mint (Mentha piperita L.), fennel (Foeniculum vulgare Mill.), and pine (Abies alba Mill.) needles and cones, and their active substances thymol, carvacrol, menthol, and anisaldehyde were tested for antifungal activity against Penicillium verrucosum. The lowest minimal inhibitory concentrations (MICs) were achieved for essential oil of oregano, followed by carvacrol, thymol, and menthol. These antifungal components were further investigated, as the main aim of our study was to elucidate the effect of natural antifungals on ochratoxin A production. During 21 days of exposure, the growth of P. verrucosum, and subsequently the production of ochratoxin A, was fully inhibited by thymol at ½ MIC (0.0625 mg mL -1 ), but menthol at ¼ and ½ MIC (0.1875 and 3750 mg mL -1 ) showed no growth inhibition. After 21 days of incubation, the greatest inhibitory effect on ochratoxin production (inhibition was 96.9 %) was also achieved with thymol at ¼ MIC (0.0313 mg mL ) stimulate production of ochratoxin A at 13.9 % to 28.8 %, respectively. The observed antifungal effects depended on the agent, the concentration used, and the time of interaction between the agent and P. verrucosum. Our results indicate the possibility of using oregano essential oil as a substitute for artificial preservatives in certain foods, but further research is needed.
Moulds of the Penicillium, Aspergillus, Fusarium and Alternaria genera are known food spoilage microorganisms and mycotoxin producers that can cause significant economic losses (1-3). Ochratoxin A (OTA) is a very important mycotoxin, as it has teratogenic, embryotoxic, genotoxic, neurotoxic, immunosuppressive, and nephrotoxic effects (4) . The International Agency for Research on Cancer (IARC) classified OTA as possibly carcinogenic to humans (group 2B) (5, 6) . It can originate from producers such as Aspergillus ochraceus and Aspergilli from the section Nigri (A. carbonarius), Penicillium verrucosum, and Penicillium nordicum (5, 7) .
Potential contamination with Aspergillus and Penicillium moulds and their growth depend on temperature, moisture content, and the time over which a food is exposed to adverse conditions. These processes can also be affected by the presence of spores, mechanical and insect damage, mineral nutrient availability, pH and carbon dioxide levels, and chemical and physical treatments applied to food (8) . The presence of moulds in food does not necessarily mean that a food contains mycotoxins, and vice versa -mycotoxins can also be found in food without any presence of moulds. Given that OTA is a very stable mycotoxin that is not destroyed during standard food-production processes, it can be found both in raw foods and processed food products. OTA is most frequently found in cereals and cereal products, dried vine fruit, wine, coffee, pulses, beer, grape juice, cacao products, nuts, and spices (5) .
Traditionally, control of mould growth and OTA production in foods has been performed by applying different chemical additives. Over the last decade, studies have investigated different natural antimicrobials that might replace these traditionally used chemical additives (9) (10) (11) . Chemical preservatives have become less effective and can cause the development of resistant fungal strains (12) (13) (14) . There are also increasing consumer demands to reduce the usage of synthetic fungicides and pesticides, and these requirements have led researchers to investigate naturally occurring compounds as alternatives to the use of chemical agents.
Different plant extracts and essential oils have already been shown to have antimicrobial/antifungal effects (14) (15) (16) (17) (18) . These are commonly related to plant origin, extraction type, and chemical structure of their active substances. Prior to their application, potential natural antifungals need to be evaluated for their activity in order to determine their effectiveness not only for fungal growth inhibition but also for inhibition of mycotoxin production.
The aim of the present study was to investigate the antifungal effects of selected essential oils and their active substances through the evaluation of P. verrucosum growth and OTA production.
MATERIALS AND METHODS

Essential oils and their active substances
Essential oils of oregano (Origanum vulgare L.), mint (Mentha × piperita L.), fennel (Foeniculum vulgare Mill.), and pine (Abies alba Mill.) needles and cones (Amadea natura d.o.o., Zagreb, Croatia) were tested for antifungal activity against P. verrucosum. Furthermore, thymol, carvacrol, menthol, and anisaldehyde (Sigma-Aldrich, St. Louis, MO, USA) were used for testing as pure active substances of these essential oils. Dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Germany) was used as the solvent. DMSO was diluted as described in the section on the determination of minimal inhibitory concentrations (MICs).
Plant material
Leaves of cultivated plants of mint (Mentha x piperita L., Lamiaceae) were collected in July of 2010 in the Vojvodina province, Republic of Serbia. Oregano herb (Origanum vulgare L., Lamiaceae) and fennel fruits (Foeniculum vulgare L., Apiaceae) were obtained from the Institute for Studies on Medicinal Plants "Dr Josif Pancic" in Belgrade in 2010. The collected plant material was air-dried and samples were stored in double paper bags in a dry place without direct sunlight until hydrodistillation.
Isolation of essential oils
Essential oils were obtained by hydrodistillation according to European Pharmacopoeia IV (2002) (19) , with n-hexane as a collecting solvent. The solvent was removed under vacuum and essential oils were dehydrated with anhydrous Na 2 SO 4 .
GC/MS analysis
Qualitative and quantitative analysis of oregano essential oil was carried out using a Hewlett-Packard 5973-6890 GC-MS system, operating in electron ionization (EI) mode at 70 eV, equipped with a splitsplitless injector (200 °C) and a flame ionization detector (250 °C). Helium was used as carrier gas (1 mL min -1 ), and the capillary columns used were HP 5MS (30 m×0.25 mm; film thickness 0.25 μm). The temperature programs were 60-280 °C at a rate of 3 °C min -1 and 60-260 °C at a rate of 3 °C min -1 , respectively; the split ratio was 1:10. Coelution and MS analysis identified the separated compounds by comparing their relative retention times with those of authentic samples (Carl Roth GmbH, Karlsruhe, Germany). For the components for which authentic substances were not available the identification was based on matching their retention indices and mass spectra with NIST/NBS, Wiley libraries spectra, and literature data (20) .
Maintenance of mould strain and preparation of spore suspension
The experimental work was carried out with Penicillium verrucosum CBS 302.48 from the collection of the Centraalbureau voor Schimmelcultures Fungal Biodiversity Centre of the Royal Netherlands Academy of Arts and Sciences (CBS-KNAW, Utrecht, The Netherlands). The strain was maintained on malt extract agar (Merck, Darmstadt, Germany) plates and stored in a refrigerator (1-4 °C). For each experiment, P. verrucosum was sub-cultured on malt extract agar plates (Merck, Darmstadt, Germany) and incubated at 25 °C for 10 to 14 days, to allow significant sporulation. The conidia were removed from the malt extract agar plates and suspended in 1 mL saline solution (NaCl, 8.5 g L -1 , in water) containing Tween 80 (Merck, Hochenbrunn, Germany) (0.1 %; v/v). The spore suspensions were adjusted to the final concentration of 10 5 -10 6 spore mL -1 using a Bürker-Türk counting chamber (Brand, Germany).
Determination of minimal inhibitory concentrations (MICs)
The purpose of determining the MICs was to identify the concentrations of essential oils and their active substances that inhibit the growth of P. verrucosum and the production of OTA. The microdilution assay was used with RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) to determine the MICs of the essential oils and their active substances (18, 22, 23) . These agents were dissolved in DMSO to prepare stock concentrations of 32 mg mL -1 for thymol and menthol and 100 μL mL
for carvacrol, anisaldehyde, and the essential oils. These stock solutions were further diluted with RPMI-1640 medium (1:4 v/v) to 8 mg mL -1 for thymol and menthol and 25 μL mL -1 for the other agents. The solutions of the essential oils and their active substances (50 μL) were then serially diluted with RPMI-1640 medium in 96-well microtitre plates and 50 μL of P. verrucosum spore suspension was added to each well. The positive control encompassed three wells containing 50 μL of RPMI-1640 medium with 50 μL of spore suspension alone, whereas the negative control was three wells containing 50 μL RPMI-1640 medium and the antifungal agents alone (50 μL). Three wells were also used solvent control to determine if DMSO affects the growth of P. verrucosum. The preparation procedure was the same as for the dilutions of the antifungal agents, except that initially only 100 μL of DMSO solution was added.
Once prepared, these plates were shaken on a microplate shaker (Eppendorf, Hamburg, Germany) for 1 min and incubated at 25 °C for 48 h. As an indicator of growth, 10 μL p-iodonitrotetrazolium violet (Sigma Aldrich, Steinheim, Germany) (2 mg mL -1 , in water) was added to the microplate wells, which were additionally incubated at 25 °C for 48 h. The MICs were determined as the lowest concentration of an antifungal agent that inhibited P. verrucosum growth, whereby the solution in the well remained clear, with no change in colour. The selected unit for MIC was μL mL -1 for essential oil of oregano, essential oil mint, essential oil pine needles, essential oil pinecones, essential oil of fennel, carvacrol and anisaldehyde as these essential oils and active substances were in liquid state and mg mL -1 for thymol and menthol since they were obtained in a solid state.
Effects of essential oils and their active substances on P. verrucosum and production of ochratoxin A
To determine the effects of the selected essential oils and their active substances on the growth of P. verrucosum and formation of OTA, Czapek Yeast Extract agar (CYA) (23) was used. Each agent was tested at ½ MIC and ¼ MIC, previously determined in the microdilution assays.
After autoclaving, the CYA medium was cooled to 45 °C and solutions of the essential oil and their active substances were prepared for testing, which was performed on 10 Petri plates. Negative control plate contained only CYA medium, while the solvent control plates contained CYA medium with the two highest DMSO concentrations used to dissolve the tested substances (0.2 % of DMSO for control samples at thymol and menthol; 0.4 % for other active substances). All of the CYA plates were three-point inoculated with the P. verrucosum spore suspension using a split needle and incubated at 25 °C. The diameters of the colonies were measured after 7, 10, 14, 17, and 21 days of incubation. In parallel, sampling for thin-layer chromatography (TLC) and highperformance chromatography (HPLC) was performed from the corresponding CYA plates. The formation of the OTA was determined qualitatively by TLC and quantitatively by HPLC. The antifungal activities were evaluated according to the mean fungal growth rates and are expressed as mean±SD (mm per day).
The screening for OTA production was performed using TLC. After 14, 17, and 21 days of incubation of the CYA plates, three agar plugs were removed from the central, sub-central, and boundary areas of the colonies and transferred to TLC plates using the agarplug method described by Samson and Hoekstra (23) .
For the HPLC screening method (24), three-point inoculated CYA agar plates were analysed after 7, 14, 17, and 21 days of P. verrucosum growth at 25 °C. At each time, three agar plugs were removed from the central, sub-central, and boundary areas of the colony and introduced into a 1.5 mL tube. Then, 0.5 mL of methanol (Merck, Darmstadt, Germany) was added to each tube, which was shaken at 270 rpm for 60 min. From each of the test tubes, the supernatant was evaporated under a gentle stream of nitrogen and the residue was reconstituted in 0.2 mL mobile phase for HPLC determination. Solutions of OTA standards and extracts were analysed using an HPLC system that consisted of a 1260 Infinity model G1312B binary pump, a model G1367E autosampler, and a model G1321B fluorescence detector (Agilent Technologies, Inc., Wilmington, DE, USA). Data signals were acquired and processed on a PC running Agilent Chemstation (Agilent Technologies, Inc., Wilmington, DE, USA). The HPLC analyses were carried out using a ThermoHypersil-Keystone (ThermoHypersil, UK) Lichrosorb RP18 column (4.6x250 mm; 10 µm particle size). The separation conditions for the OTA standard solutions and extracts were as follows: column temperature 25 °C; injection volume 20 µL; flow rate 0.8 mL min Chromatographic peaks were identified by comparing retentions and fluorescence spectra of the samples with those of the standard compounds. Quantitation was carried out by external standardization. Calibration standards in the range 0.2-1.0 µg mL -1 were prepared by serial dilution from a 10 µg mL -1 mixed standard. Calibration standards were prepared in HPLC diluent. Five concentration points were assayed in triplicate. The OTA levels in the extracts were calculated from the calibration curve y=388.8x-34.499, where y is the area response and x the concentration of OTA in µg mL -1 . The correlation factor was 0.9982. The limit of quantification (LOQ) and the limit of detection (LOD) were calculated on the basis of the standard deviation of the response and the slope obtained from the linearity plot of the standard mixture of OTA. LOQ and LOD were calculated as 3.3α/S and 10α/S, respectively, where α is the standard deviation of the y-intercept and S is the slope of regression line. The LOQ and the LOD were 0.220 µg mL -1 and 0.073 µg mL -1 , respectively. The OTA recovery was determined as an average value 99.96 %. Since all of the tested agents were dissolved in DMSO, to determine their exact effect, results obtained for the solvent controls had to be subtracted from the values obtained by our measurements for P. verrucosum growth and OTA production. Than the inhibition (I) of growth and inhibition of OTA production were calculated as I (%)=[(K-O)/K]x100, where K was a value taken from the control sample I (CYA medium), and O from the sample where the essential oil or its active substances were added. In cases where the production of OTA was higher than that of the control samples, the stimulation of OTA production was calculated as S (%)=[(O-K)/O]x100 (9, 14) . Inhibition of growth was calculated from results obtained for P. verrucosum growth as diameter of colony (mm) and inhibition (or stimulation) of OTA production was calculated from results obtained for P. verrucosum production of OTA (µg mL -1 ).
Statistical analysis
The experimental data for growth inhibition (I) were evaluated statistically using the SAS⁄STAT program (SAS Software, 1999; SAS Institute Inc., Cary, NC, USA). The basic statistical parameters were calculated by the MEANS procedure. The data were tested for normal distributions and analysed using the general linear model (GLM) procedure. The statistical model included the main effect of time of incubation (14, 17, 21 days) and antifungal agent and its concentration (essential oil of oregano, thymol, carvacrol, menthol at ½ and ¼ MIC). The means were obtained using Duncan's procedure and compared at the 5 % probability level.
RESULTS AND DISCUSSION
Essential oil of oregano thymol, carvacrol and menthol were selected for full testing of antifungal effects against P. verrucosum growth and OTA production. The criteria for selection were I) selection of one essential oil that has the lowest MIC among tested essential oils and II) selection of 3 active components that are present in tested essential oils and have the lowest MICs. According to these criteria, the essential oil of oregano and thymol and carvacrol as its main active components were selected. In addition, menthol as the third most active pure component was selected as well.
MICs of essential oils and their active substances
Based on the obtained MICs, oregano essential oil and carvacrol had the highest antifungal effects on P. verrucosum (Table 1) .
clearly slower in the presence of thymol (¼ MIC) and carvacrol (½ MIC). Thymol at ½ MIC led to full growth inhibition. Table 3 shows the results regarding OTA production, which was followed over the same 21-day incubation period in CYA.
OTA production was inhibited, in all tested periods, by oregano oil only at ½ MIC. After 14 and 17 days of incubation, the essential oil of oregano at ¼ MIC resulted in a 66.6-92.1 % inhibition of OTA production. Surprisingly, after 21 days, oregano essential oil led to a 28.8 % stimulation of OTA production.
When thymol at ½ MIC was added to the CYA growth medium, P. verrucosum was fully inhibited and there was no OTA production. The lower concentration of thymol (¼ MIC) resulted in an 83.3 % inhibition of P. verrucosum growth and an >95 % inhibition of OTA production after 21 days.
Carvacrol at ½ MIC showed inhibition of P. verrucosum growth over the 21 days of incubation and a 13.9 % OTA production stimulation. At its lower concentration (¼ MIC), carvacrol still had an inhibitory effect on P. verrucosum growth and on OTA production.
At both concentrations, menthol had no effects on P. verrucosum growth, although there were high levels of OTA production inhibition.
In general, the P. verrucosum growth inhibition (Table 4 ) was the greatest in the first days of the incubation and then reduced regardless of the 
P. verrucosum growth and OTA production in the presence of oregano essential oil and active substances
The effects of oregano essential oil (see Table 2 for chemical composition), thymol, carvacrol, and menthol on P. verrucosum growth are shown in Figure  1 . Menthol at concentrations of ½ MIC and ¼ MIC had no effects on the growth of P. verrucosum. Growth was slower in the presence of oregano essential oil (½ MIC, ¼ MIC) and carvacrol (¼ MIC), as well as 
verrucosum growth rates (mm per day) over a 21-day incubation with different antifungal agents at ½ MIC and ¼ MIC. The bars indicate standard deviations for experiments carried out in duplicate
antifungal agent tested. OTA production prior to day 14 of incubation (for thymol at ¼ MIC and carvacrol at ½ MIC also after 14 and 17 days could not be determined because the colonies were too small). Inhibition of OTA production did not accompany growth inhibition, which showed very different data (from >95 % inhibition to >25 % stimulation), which indicates the complexity of the P. verrucosum response mechanisms to these antifungals.
Our data show that, among the tested essential oils and active substances, the lowest MICs were obtained for oregano oil, thymol, carvacrol, and menthol.
Akgül and Kivanç (15) (16, 25) . The inhibitory effects of the essential oil of oregano on P. verrucosum growth were shown in the present study, and these effects might also be mediated by the content of the above mentioned isolated compounds.
Carvacrol was determined as the dominant compound in investigated oregano essential oil, followed by thymol, linalool, bisabolen, and caryoplyllene. This combination of different monoand sesquiterpene compounds clearly contributed to its antifungal and OTA production inhibitory activity. However, isolated compounds, especially thymol exhibited higher antifungal activity and notable inhibition of OTA production which may indicate that synergism is not involved in these activities. Also, despite similar effects, comparisons of studies are often difficult, or even impossible, because of the origins of the essential oils, or because of the different methodologies used for the evaluation of these antifungal effects. Also, the compositions of the essential oils are highly dependent on the plant varieties, and within the same variety, they can also depend on the geographical origin, geographical location, climatic conditions, and method of extraction (12) .
CONCLUSIONS
Our data indicate that natural antimicrobial agents, like essential oils and their isolated constituents can be used as antifungals. However, prior to application, they need to be evaluated for their activity in terms of inhibition of both growth and toxin production. The essential oil of oregano (½ MIC) and thymol (¼ and ½ MIC) and carvacrol (¼ MIC) can be safely used as substitutes for chemical additives in foods for the partial or complete inhibition of the growth of P. verrucosum and for the inhibition of OTA production over 21 days of incubation. However, these were in vitro results and behaviour of the essential oils and active agents in foods could be a lot different depending on many intrinsic and extrinsic factors.
